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Abstract—The adsorption of fulvic acid by goethite was determined experimentally as a function of
concentration, pH, and ionic strength. The data were described with the CD-MUSIC model of Hiemstra and
Van Riemsdijk (1996), which allows the distribution of charge of the bound fulvate molecule over a surface
region. Simultaneously, the concentration, pH, and salt dependency of the binding of fulvic acid can be
described. Using the same parameters, the basic charging behavior of the goethite in the absence of fulvic acid
could be described well. The surface species used in the model indicate that inner sphere coordination of
carboxylic groups of the fulvate molecule is important at low pH, whereas at high pH the outer sphere
coordination with reactive groups of the fulvate molecule with high proton affinity is important. Copyright
© 1999 Elsevier Science Ltd
1. INTRODUCTION
Metal (hydr)oxides play an important role in the adsorption and
transport of organic substances in many natural aquatic sys-
tems. Retention of organic acids by geo colloids influences the
mobility of organic matter and also the physical/chemical be-
havior of the geo colloids. In the last two decades, a consider-
able amount of work has been published on the binding of weak
organic acids (Balistrieri and Murray, 1986; Ali and Dzombak,
1996; Filius et al., 1997) and organic matter by minerals (Parfitt
et al., 1977b; Tipping, 1981; Davis, 1982; Jardine et al., 1989;
Gu et al., 1994 and 1995; Wershaw et al., 1995). The results
show that the adsorption of organic acids by mineral surfaces is
dependent on pH and electrolyte concentration. The organic
acids are bound over a large pH range, even at pH values well
above the point of zero charge (PZC) of the adsorbing surface.
Gu et al. (1995) investigated the binding of natural organic
matter (NOM) by hematite using FTIR spectroscopy. They
found that both carboxylic and hydroxyl groups are involved in
the binding of NOM by hematite. Kaiser et al. (1997) showed
similar results for organic matter binding by goethite. In order
to provide further insight into the mechanisms and functional
groups that are involved in the interactions, Gu et al. (1995) and
Evanko and Dzombak (1998) studied the pH-dependent ad-
sorption of organic acids containing carboxylic or phenolic
groups. Compounds with carboxylic groups show an adsorp-
tion maximum at low pH, whereas compounds containing
phenolic groups show a maximum at high pH. This suggests
that carboxylic groups are relatively important for the binding
of NOM at low pH, whereas hydroxyl groups are relatively
important at high pH. Similar conclusions follow from the work
of Kummert and Stumm (1980) on the adsorption of catechol
and benzoic acid on Al2O3.
Only a few attempts were made to model the adsorption of
NOM. To date, most studies modeling NOM sorption by min-
eral surfaces employ sorption isotherms (Tipping, 1981; Gu et
al., 1994; Van de Weerd et al., 1999). This approach is quite
limiting in the sense that the model is only applicable under
limited conditions (e.g., constant pH, ionic strength, and com-
peting ion concentration). A first attempt to include the charg-
ing and binding of NOM in speciation calculations is made by
Karltun (1998). However his study discusses the binding of
fulvic acid (FA) for a rather small set of data (1 adsorption edge
with or without SO422 present at constant ionic strength). Ver-
meer et al. (1998) simulated the binding of humic acid by
hematite by using polyelectrolyte adsorption theory. Their
model calculations suggest internal induction of charge, result-
ing in a more positively charged oxide surface and more
negatively charged humic acid. This suggests the proton reac-
tive groups of the humics and the hematite internally titrate
each other.
In this paper, the adsorption of FA by goethite is studied. FA
was chosen as a model compound for NOM because FA
molecules are highly soluble and relatively small. This enables
distinction between the different functional groups of the acid.
The aim of the present study is to include the pH- and salt-
dependent binding of FA by goethite in speciation calculations.
For this purpose, the binding of FA by goethite is measured in
batch equilibration experiments as a function of pH, FA con-
centration, and ionic strength. The approach we use here is built
upon the insights gained from the description of the binding of
relatively small, well-defined weak organic acids by goethite
(Filius et al., 1997).
1.1. Model Description
1.1.1. The CD-MUSIC model
In this study, we will use the CD-MUSIC (Charge Distrib-
uted MUlti SIte Complexation) approach in order to describe
the binding of FA by goethite. For more details about this
approach, refer to Hiemstra and Van Riemsdijk (1996).
Following Hiemstra and Van Riemsdijk (1996), the charging
behavior of the goethite in absence of FA can be described
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assuming the protonation of singly and triply coordinated sur-
face groups according to:
2 FeOH0.52 1 H1N 2FeOH20.51; log KH1 (1)
2Fe3OH0.52 1 H1N 2Fe3OH0.51; log KH2 (2)
The proton affinity constants (KH1 and KH2) are set equal to the
pristine point of zero charge (PPZC) of the goethite.
In addition to the protonation of surface groups, the forma-
tion of ion pairs influences the charging behavior of the surface.
The charging behavior of goethite can be described using the
Basic Stern model. Protons are located in the surface plane
(0-plane), whereas the ion pair formers are present at the head
end of the diffuse double layer (1-plane) (Hiemstra and Van
Riemsdijk, 1996.). The Stern layer has a capacitance, C, which
for goethite is approximately 0.9 F/m2. This capacitance is
found by fitting the model to the charging curves of the goe-
thite. It is possible to interpret the capacitance value in terms of
a distance, d, if the dielectric constant is known. Both are
related according to:
C 5
«0«r
d (3)
At the interface, the dielectric properties change from a high
value at the solution side (er water 5 80) to a low value in the
solid (er goethite 5 11). Assuming an average relative dielec-
tric constant between the 0- and 1-plane of 45 the separation
between the 0- and 1-plane is 0.44 nm, approximately 11⁄2 water
molecule.
Table 1 lists the parameters used for the description of the
charging behavior of the goethite used.
1.2. The Binding of Organic Anions
Filius et al. (1997) were able to describe the binding of
several well-defined weak organic acids with the CD-MUSIC
model. Based on the size and structure of the adsorbed
polyprotic weak organic acids, a distribution of charge of the
complexed organic molecule over three electrostatic planes was
assumed. Filius et al. (1997) distinguished between the forma-
tion of inner sphere complexes and outer sphere complexes.
The carboxylic groups are assumed to bind as inner sphere
complexes with singly coordinated surface groups (Parfitt,
1977a; reaction 1 of Table 2) or outer sphere complexes with
both singly and triply coordinated surface groups (reactions 2
and 3 of Table 2). Hydroxyl groups bind only as outer sphere
complexes (reactions 4 and 5 of Table 2). An equal distribution
of the charge from a carboxylate group (COO21) over both
oxygens was assumed. Each oxygen of a carboxylate thus
carries half a unit negative charge (20.5 vu). Inner sphere
complex formation of the carboxylate oxygen with a Fe ion in
the surface leads to a full neutralization of the bridged oxygen
since the Pauling charge (Pauling, 1929) of a Fe–O bond equals
10.5 vu. Filius et al. (1997) did not assume inner sphere
interaction with organic hydroxyl groups (R–COH) because
this leads to undersaturation of the common ligand charge
(20.5 vu) if Fe–O–C–R is formed or overcompensation if
Fe–OH–C–R is formed (10.5 vu). For cases in which inner
sphere formation occurs, an oxygen of the carboxylate group
exchanges for a singly coordinated surface group (Parfitt et al.
1977a). In the ligand exchange process, 20.5 vu of the coor-
dinating carboxylate oxygen is located in the 0-plane. The 20.5
vu of the second carboxylate oxygen is located in the 1-plane
(see Table 2).
Outer sphere complexes can be formed as a result of H-bond
formation between carboxylate and hydroxyl groups of the
organic molecule and singly and triply coordinated surface
groups. In the present MUSIC model, the charge of the surface
proton is fully attributed to the surface oxygen, although H-
bonds may transfer charge between, for instance, the oxygens
of the surface and water molecules in solution (Hiemstra et al.,
1996). This simplification can be accepted as long as the
strength of the H-bonds is not changed in the adsorption pro-
cess. According to Brown (1978), the H-bond involved in
organic complexes can be stronger than the H-bond between
water molecules. This implies that extra charge will be trans-
ferred between the surface and the 1-plane due to the stronger
H-bond. This extra charge transfer agrees with the infrared
spectra of adsorbed catechol (Gu et al., 1995), salicylate, and
NOM bound by goethite (Yost et al., 1990; Gu et al., 1995;
Kaiser et al., 1997). In these spectra, a strong single band
appears around 1270/cm. Novack (1974) showed empirically
that low infrared frequencies are correlated with smaller O–O
distances, which leads to more symmetrical H-bonds. If the
band around 1270/cm is attributed to H-bonds, we estimate that
the H-bond transfers between 0.2 (H-bond with H2O) and 0.5
Table 1. Basic physical chemical parameters used for the description
of the charging behavior of the goethite.
A: 94 m2/g
C: 0.9 F/m2
Ns (FeOH): 3.45 s/nm2
Ns (Fe3O): 2.7 s/nm2
PPZC: 9.2
log KNa1 21
log KNO32 21
Table 2. Reaction equations for the reactions possible to occur on the surface with the corresopnding change of charge (Dzi) in planei.
Reactions Dz0 Dzi
1 2FeOH0.52 1 H1 1 RCOO2 N 2FeOOCR/0.52 1 H2O 10.5 20.5
2 2FeOH0.52 1 H1 1 RCOO2 N 2FeOH2. . .OOCR/0.52 10.8 20.8
3 2Fe3O0.52 1 H1 1 RCOO2 N 2Fe3OH. . .OOCR/0.52 10.8 20.8
4 2FeOH0.52 1 H1 1 RCO2 N 2FeOH2. . .OCR/0.52 10.8 20.8
5 2Fe3O0.52 1 H1 1 RCO2 N 2Fe3OH. . .OCR/0.52 10.8 20.8
In the change of charge in the 0-plane (Dz0), the charge of the proton is also included.
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vu (symmetrical H-bond). According to Filius et al. (1997), this
extra charge transfer equals about 0.2 vu. It means that in case
of H-bonding, the charge contribution of the proton to the
surface plane will be 0.2 vu smaller. A value of 0.2 vu flows to
the 1-plane (see Table 2).
Gu et al. (1995) and Evanko and Dzombak (1998) studied
the binding of anions containing carboxylic and/or phenolic
groups. Both studies show that compounds containing carbox-
ylic groups have their adsorption maximum at low pH, whereas
compounds containing phenolic groups have their adsorption
maximum at high pH. This adsorption behavior is similar to
adsorption behavior of anions and cations, respectively. The pH
dependence of ion adsorption is directly related to the macro-
scopic “exchange” with protons. Co-adsorption of protons
leads to a decrease of the adsorption with increasing pH,
whereas release of protons leads to an increase of adsorption
with increasing pH.
At low pH, the goethite surface is positively charged. In
solution carboxylic groups can be deprotonated even at low pH.
Therefore carboxylic groups can bind as anions according to:
FeOH20.51 1 RC™O0.52 N Fe™0O™CR 1 H2O (4)
\ ⁄
O0.52 20.5O
This reaction will cause a co-adsorption of protons (or release
of OH2) due to the near-Nernstian behavior of the surface.
The opposite holds for the binding of phenolic groups to the
goethite surface. At high pH, the surface is negatively charged
and the phenolic group in solution is uncharged. The adsorption
behavior of a phenolic group can be explained assuming that
the proton from the hydroxyl group of the catechol molecule
protonates (or “titrates”) a surface hydroxyl groups forming an
H-bond:
FeOH0.52 1 RC–OH N FeO0. . .H. . .20.5O 2 CR
\
H
(5a)
or
FeOH0.52 1 RC–OH N Fe 2 OH210.3. . .20.8O 2 CR
(5b)
In Eqn. 5a, the depicted H-bond is symmetrical. In this study,
the charge distribution of the H-bond is based on the extra
transfer of charge due to differences in the strength of the
H-bonds between the surface and organic complexes or H2O
(see Eqn. 5b).
Part of the positive charge of the proton is now attributed to
the surface plane. Due to the near-Nernstian behavior of the
surface charge this will result in a net release of protons.
2. MATERIALS AND METHODS
2.1. Goethite
Goethite preparation was based on the procedure of Atkinson et al.
(1967) and is described in more detail by Hiemstra et al. (1989). The
BET–N2 surface area of the sample was 94 m2/g.
2.2. Fulvic Acid Extraction
Soil humic and fulvic acids were extracted from a soil by using
methods based on those recommended by the International Humic
Substances Society (Aiken et al., 1979; Swift, 1996). The soil used was
a Bs horizon from a peaty podzol (Strichen association). Soil, 1 kg, was
extracted in 10 dm3 of redistilled 1 M hydrochloric acid for 24 h and
then centrifuged at 10,000 3 g using a Alpha Laval centrifugal sepa-
rator. The supernatant was retained and pumped onto a column of
XAD-8 resin [poly(methyl methacrylate)]. The column was then water-
washed and the FA fraction 1 was removed from the column using 0.1
M NaOH. The recovered material (FA fraction 1) was acidified and
retained for further treatment.
The soil residue was rolled in 10 dm3 of 0.1 M NaOH for 4 h and
then left to stand overnight. The suspension containing the extracted
humic material was removed from the remaining sediment and centri-
fuged to remove additional mineral material. The suspension was then
acidified to pH 1.3 by using 6 M hydrochloric acid and left to stand for
up to 48 h to allow the precipitated humic acid fraction to settle. The
supernatant remaining after precipitation of the humic acid (FA fraction
2) was removed from the humic acid and pumped onto the XAD-8
column. The column was water-washed and FA fraction 2 was back
eluted from the column with 0.1 M NaOH then acidified with 6 M HCl.
At this stage, both FA fractions were combined and pumped onto the
XAD-8 column. Following removal from the XAD-8 the Strichen
fulvic acid (SFA) was treated with Amberilite resin 120 in the H1 form
(1 h), pH 2.3, then freeze-dried and stored for further use.
2.3 Potentiometric Titrations
Potentiometric titrations were carried out at two electrolyte concen-
trations (0.01 and 0.1 M NaCl) by using the automated Wallingford
titrator (Kinniburgh et al., 1995). Fifty-five milligrams of SFA was
dissolved in 50 mL Milli-Q water giving a concentration of 1.1 g/L.
Carbon dioxide was excluded by using a thermostated reaction vessel
under a nitrogen atmosphere. The pH was read by a pH electrode
calibrated with pH 4.005 and 6.857 buffers before and after each
titration. A single calomel reference electrode was connected to the
vessel via an electrolyte bridge (0.1 M KNO3). The electrode readings
were stable within drifts of 0.2 mV/min. The titration of the FA
included 2 up and down cycles carried out at increasing ionic strength.
Before the start of the first titration cycle, the solution was titrated with
0.1 M NaOH to approximately pH 10.5. NaCl was added to obtain the
initial ionic strength. Data points were collected at approximately 5 mV
intervals in the range of 2200 mV to 200 mV (pH range 3.8–10.6).
After finishing the first acid and base titration, NaCl was added to
obtain the ionic strength for the second cycle.
2.4 Data Analyses
The ionic strengths were calculated for each data point explicitly
taking into account both the background electrolyte ions and free H1
and OH2. From the calculated ionic strength (I), the activity coeffi-
cients (f) were determined using an adapted Davies equation:
log f 5 0.51pz2pH ˛I1 1 ˛I 2 0.2pIJ (6)
Blank correction was carried out by calculating, for each data point, the
amount of titrant required to increase the pH of an equivalent volume
of background electrolyte solution. This was substracted from the
volume of titrant used for the sample.
2.5 Adsorption Experiments
The FA adsorption by goethite was measured in background elec-
trolytes of 0.01 M and 0.1 M NaNO3, using a batch equilibration
procedure. Samples for equilibration were prepared by adding 1 mL of
NaNO3 (0.2 or 2 M) to a series of polyethylene vessels, followed by
1.5, 3, or 6 mL of a FA stock solution containing 1 g of FA/L. The pH
was adjusted by adding various amounts of 0.1 M HNO3 to give pH
values in the range from 3 to 11. Then ultrapure water (UV-oxidized)
was added to bring the volume in the vessels to 10 mL. Finally, 10 mL
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of a goethite suspension (10 g/L) was added to each vessel to bring the
total volume to 20 mL. During each addition, the vessels were N2-
sparged to avoid CO2 contamination. The suspensions were equili-
brated for 72 h in an end-over-end shaker in the dark. To avoid possible
artefacts introduced from filtering, the equilibrium supernatant was
separated from the solid phase by centrifugation (26,500 3 g for 30
min). Samples of the supernatant were taken for total organic carbon
(TOC) analysis (samples were acidified and immediately analyzed with
a Skalar SK12 Organic Carbon Analyzer). The pH of the solutions was
measured in the remaining supernatant using an electrode that was
calibrated (EMF–pH relationship) with standard pH 4.00 and 7.01
buffers (Merck, Darmstadt, Germany, accurate to 60.01). The amount
of FA adsorbed was determined from the difference between the initial
and final FA concentrations in the equilibrating solution. The initial FA
solution concentration was calculated from experimental blanks treated
as above, but in the absence of goethite.
The model calculations were carried out with the computer program
Orchestra (Meeussen et al., 1997).
3. RESULTS
3.1. Fulvic Acid in Solution
The charging behavior of the SFA is given in Figure 1.
Similar charging behavior of FA was found in several studies
(Ephraim et al., 1986; Christensen et al., 1998). The data show
an increase in negative charge of the FA with increasing pH.
Furthermore the data show very little salt dependency.
Often the charging behavior of FA in solution is described
using a site-binding model with a continuous distribution of
affinity constants. The site-binding model is combined with a
double layer model that accounts for electrostatic effects (De
Wit et al., 1993b; Milne et al., 1995; Benedetti et al., 1996).
According to De Wit et al. (1993a) FAs are relatively small
molecules, which can easily be seen as small rigid particles.
Based on their small size and small ionic strength-dependent
charging behavior we will treat the FA in this study as small
molecules (like citrate or EDTA). Although FA is a mixture of
molecules with a range of molecular sizes and number of
reactive groups, we assume a constant molecular weight and a
constant, discrete number of reactive groups of the FA mole-
cules. The molecular weight is set to 1000 Dalton (Hansen and
Schnitzer, 1969; Aiken et al., 1985; Xu et al., 1989). The total
number of reactive groups of the FA is estimated using the
NICA–Donnan model (Benedetti et al., 1996). Table 3 shows
the number of reactive groups used in the NICA-Donnan model
required to fit the charging behavior of the SFA. The numbers
used in the present study are presented in the last column of
Table 3. The numbers found agree with the numbers obtained
by Christensen et al. (1998).
The proton affinity constants (Table 4) are fitted to the FA
charge data using the speciation program ECOSAT (Keizer and
Van Riemsdijk, 1994) coupled with Kinniburgh’s FIT software
(Kinniburgh, 1993). In this approach, the proton affinity con-
stants depend on the type of activity correction used for the FA.
For simplicity, the activity coefficients of salt ions, protons, and
FA in solution are calculated using the Davies equation (Eqn.
6). The Davies equation is often used to calculate the activity
coefficient of small ions. With this simplified approach it is
possible to get a reasonable agreement between data and model
description using the Davies equation. The lines in Figure 1
represent the model description.
In this approach, the FA contributes to the ionic strength.
The presence of the FA (1.1 g/L ’ 1.1 mmol/L) affects the
ionic strength up to a factor 4 at low salt levels. However,
model calculations using low FA concentrations (not affecting
the ionic strength) show that the change in ionic strength due to
FA only affects the charging behavior of FA significantly at
pH . 10.
3.2 Adsorption of FA by Goethite
Figure 2 shows the binding of SFA by goethite. The data set
covers a broad range of conditions.
Over the whole pH range investigated, sorption of FA by
goethite was found. At pH values below the PZC (PZC 5 9.2),
the goethite surface and the FA have an opposite charge. This
Fig. 1. Charging behavior of SFA in 0.1 (solid line and symbols) and
0.01M (dotted line and open symbols) NaCl. The lines are fitted using
8 discrete log KH values for the different sites.
Table 3. Number of carboxylic and phenolic groups of the SFA.
NICA-Donnana
(meq/g) %
This studyb
(mol eq/mol)
Total 8.38 100 8
Carboxylic 5.56 66 5
Phenolic 2.82 33 3
1 meq/g equals 1 mol eq/mol because the molar mass of FA is taken
as 1000 g/mol. Therefore, 1 meq/g is equal to 1 group per FA molecule.
a Fitted with the NICA-Donnan model, b used in the present study.
Table 4. Protonation reactions of FA–reactive groups in solution and
corresponding affinity constants.
FA82 1 H1 N FAH72 logKH1 5 12.45
FAH72 1 H1 N FAH262 logKH2 5 11.97
FAH262 1 H1 N FAH352 logKH3 5 8.54
– – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
FAH352 1 H1 N FAH442 logKH4 5 6.07
FAH442 1 H1 N FAH532 logKH5 5 5.30
FAH532 1 H1 N FAH622 logKH6 5 4.12
FAH622 1 H1 N FAH712 logKH7 5 3.40
FAH721 1 H1 N FAH8 logKH8 5 1.67
The reactive groups above the dashed line are believed to be hy-
droxyl groups. The reactive groups below the dashed line are believed
to be carboxylic groups.
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results in a high adsorption of FA. At pH values above the PZC,
the goethite surface and the FA are both negatively charged.
Despite the electrostatic repulsion a considerable amount of FA
is adsorbed by the goethite.
The salt dependency of the FA binding by goethite is neg-
ligible within the experimental error of the data over the entire
pH range.
3.3. Modeling the Sorption Data
Mechanistic modeling requires the introduction of the basic
physical chemical surface characteristics. The description of
the FA adsorption by goethite is built upon the framework that
describes both the charging behavior of the goethite surface and
the charging behavior of the FA in solution. The same param-
eter values as given in Tables 1 and 4 are used in the descrip-
tion of SFA adsorption. Furthermore, it is assumed that the
charging behavior of the reactive groups of adsorbed FA can be
described using the same proton affinity constants as in solution
(Table 4).
Compared to the size of a proton, the FA is a large molecule
with a considerable number of reactive groups. If one is inter-
ested to model the adsorption with surface species that may
have physical significance it is obvious that the charge of the
bound FA should not be regarded as being a point charge. The
charge of the bound molecule is distributed to some extent into
solution (Fig. 3). There are no experimental data available that
quantify this distance. De Wit et al. (1993a,b) estimated an
average spherical radius for FA in solution of 0.75 nm. This
value is in agreement with the radii deduced from viscometry
by Avena et al. (1999). The extent to which the adsorbed
fulvate molecule will protrude into the solution is at the most
similar in magnitude to the diameter of the molecule in solu-
tion. However, the configuration of the FA molecule is likely to
be flattened as a result of the coordination with the surface.
Vermeer et al. (1998) suggested that humic acid molecules
adsorb relatively flat on the mineral surface at high pH and
have a reduced contact with the surface at low pH. Due to this
reduced contact it is expected that the bound FA molecules will
protrude further into solution at low pH. However, the charge
of these noncoordinated groups is low due to the protonation of
the reactive groups at low pH. Therefore, we assume that only
a limited amount of charge protrudes into solution. In the
present study, the negative charge of groups on the fulvate
molecule that are not directly involved in the inner and outer
sphere coordination to the surface is located in the 1-plane.
3.4. Affinity Constants
Following Filius et al. (1997) we assume that the FA mole-
cules can become bound by the surface due to ligand exchange
or H-bond formation. The overall log K of the surface com-
plexation reaction of FA consists of the summation of the
Fig. 2. Adsorption envelopes of SFA binding by goethite in 0.01 M
(open symbols and dotted lines) and 0.1 M NaNO3 (solid symbols and
full lines). The suspension density of goethite is 5 g/L and three total
concentration of FA are used: (1) 75 mg/L; (2) 150 mg/L; and (3) 300
mg/L. The lines indicate model calculations.
Fig. 3. Schematic representation of adsorbed fulvic acid on the
goethite surface. The lines (0- and 1-plane) indicate the boundaries of
the Stern layer.
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affinities of the protonation of the coordinating surface groups,
the formation of inner and outer sphere complexes, and the
protonation of noncoordinated fulvate groups. An example of
the calculation of the overall log K is given in Appendix A.
c The affinity constants for the ligand exchange reaction and
H-bond formation (reactions 1–5 of Table 2, respectively)
are assumed to be constant. The constants are found by curve
fitting and listed in Table 5.
c The intrinsic proton affinity for the reactive groups of the
fulvate molecule are the same on the surface as they are in
solution (see Table 4).
c The FA groups with the highest proton affinity may become
protonated.
c H-bonds are formed between surface groups and FA groups.
It is assumed that the FA group with the highest proton
affinity will be preferred in H-bond forming with the surface
except the groups orientated towards the solution that are
protonated (see previous point).
3.5. Degrees of Freedom and Constraints
There are several degrees of freedom left in the modeling:
c the affinity constants for ligand exchange and the formation
of an H-bond,
c the number of groups involved in ligand exchange (k),
c the number of groups forming an H-bond (l),
c the number of noncoordinated groups that may become pro-
tonated (n),
where k, l, and n refer to the coefficients used in Table 6 in
order to calculate the change in charge in the electrostatic
planes.
However, there is a constraint to the degrees of freedom
mentioned:
c the total number of reactive groups per fulvate molecule
equals 8.
This gives a total of four degrees of freedom in the model.
3.6. Number of Surface Species
FA molecules can bind in many different configurations to
the surface. The total number of possible surface species is
approximately 10,000. However, in case of inner or outer
sphere complexation, the model cannot differentiate between
the reactive groups that are deprotonated. Still, the model can
distinguish between more than 1000 different surface species.
To limit this number, we assume that the reactive FA groups
will form complexes in the order of: protons . outer sphere .
inner sphere. This means that in the surface complexation of a
FA molecule with 1 inner sphere complex, 1 outer sphere
complex, and 1 protonated group, the reactive group with the
highest proton affinity is protonated, the second highest proton
affinity group forms an outer sphere complex, and one of the
rest of the groups forms an inner sphere complex. This assump-
tion limits the number of possible surface species to approxi-
mately 100.
The number of possible species is further limited by the
chemical characteristics of the FA binding. The protonation of
the noncoordinated FA groups will be influenced by the electric
field near the surface. At low pH, protons are repelled from the
positively charged surface. The pH near the surface (pHs) is
higher than in solution. At high pH, pHs is lower than in
solution due to the attraction of protons. This electrostatic
effect results in a smaller pH window near the surface than in
solution. At low pH, fewer reactive groups of the bound FA
will be protonated than in solution. At high pH, the opposite
holds. This reduces the number of possible surface species.
Also, at high pH the electrostatic repulsion has to be overcome
by the chemical energy of the H-bond formation. In cases in
which more H-bonds are formed, more chemical energy is
involved.
For model purposes it is not convenient to use a large
number of surface species. Therefore, we try to model the data
with a minimum number of species. In this study, we will try to
determine the most important surface species that can account
for the effect of concentration, pH, and salt on the binding of
fulvate molecules. Apart from simplicity, the chosen approach
will also give more insight in the main factors that dominate the
binding behavior of FA on variable charge minerals.
3.7. Model Results
The lines in Figure 2 represent the model description of the
data. Four surface species are required to obtain a satisfactory
description. The assumed surface species, charge distribution,
and affinity constants for the model description are given in
Table 7. Using this set of surface species the adsorption of FA
as function of pH, FA concentration, and ionic strength is
described well. Figure 4 shows the relative contribution of the
different surface species to the total binding of the fulvate by
goethite.
At pH . 5, the binding is described using a surface species
with 4 H-bonds. Note that it has been assumed that the groups
with the highest proton affinity are considered to participate in
the H-bond formation. At high pH, the rest of the reactive
groups are deprotonated. At lower pH, the two phenolic groups
with highest proton affinities are not involved in H-bonding
Table 5. Affinity constants for ligand exchange and H-bonding.
logKexch: 20.45
logKh–b,carb: 1.26
logKh–b,phen: 5.21
Table 6. Calculation scheme for the change of charge in the elec-
trostatic planes of the CD MUSIC model.
Dz0 5 k.zO 1 (k 1 1).zH 2 1.DsOz z zH
Dz1 5 m.zO 1 n.zH 1 1.DsOz z zH
Dzi, change of charge in plane i; z0, zH, charge of, respectively,
carboxylate or hydroxyl oxygens and protons; DsO. . .H, change of
charge due to change in strength of H-bonds; k, n, coefficients corre-
sponding to the various quantities. Note that z0 is 20.5 for a carbox-
ylate oxygen and 21 for a hydroxyl oxygen.
56 J. D. Filius et al.
with the surface, but are assumed to be orientated towards the
solution and to be protonated.
At pH , 5, the data give little information because the two
lowest FA additions are almost fully adsorbed by the goethite.
The adsorption of the highest FA addition can be modeled
assuming one inner and three outer sphere complexes and all
phenolic groups protonated.
4. DISCUSSION
The surface species used to describe the SFA binding data
are based on three macroscopic binding characteristics: (1) pH
dependency; (2) concentration dependency; and (3) salt depen-
dency. These three characteristics are strongly related to the
structure of the adsorbed species and the electrostatic potential
profile near the surface.
Figure 4 shows that at low pH the surface species with inner
and outer sphere complexation are important whereas at high
pH outer sphere complexation is important. The pH depen-
dence of the formation of inner and outer sphere complexes
might be explained by the differences in the change of the
standard Gibbs free energy (DGr0) and the electrical energy
(DGel) of the reactions.
The change in standard Gibbs free energy can be related to
the intrinsic affinity constant of the reaction (log Kint § 2DGr0/
2.3RT) and the change in electrical energy is determined by the
electrostatic potential (DGel). The intrinsic affinity constants
for the formation of inner and outer sphere complexes are
constants (Table 5), whereas the electrostatic potential is a
variable that depends on pH, ionic strength, and surface cov-
erage. Figure 5 shows the electrostatic potential in the 0- and
1-plane. The potential in the 0-plane shows near-Nernstian
behavior. At low pH, there is a high positive potential which
decreases with increasing pH. The potential in the 1-plane
depends on pH, ionic strength, and surface coverage.
The intrinsic affinity for the formation of outer sphere FA-
surface complexes is much higher than for inner sphere com-
plexes. Nevertheless, at low pH inner sphere complexes are
found to be important for the binding of organic material (Gu
et al., 1995; Kaiser et al., 1997; Nordin et al., 1998). This can
be explained by the changes in electrical energy. In both inner
and outer sphere complexation negative charge of the anion is
distributed over the 0- and 1-plane. At low pH, the positive
potential of the 0-plane is much higher than in the 1-plane. In
the case of inner sphere complexation, more negative charge is
located in the 0-plane. Therefore, the electrical energy gained
during inner sphere complexation is much larger than for outer
sphere complexation. At low pH the sum of the change in
standard Gibbs free energy and the electric energy (DGr0 1
DGel) is higher for inner sphere complexation than for outer
sphere complexation. With increasing pH the difference be-
tween the electrostatic potential in the 0- and 1-plane decreases
strongly. This means that less electric energy is gained by the
location of negative charge in the 0-plane instead of the
1-plane. Therefore, its larger intrinsic affinity favors the for-
mation of outer sphere complexes.
At pH values above the PZC the electrostatic potential in
both planes is negative. For adsorption the electrostatic repul-
sion between surface and FA molecule has to be overcome. The
Table 7. Surface species assumed for describing the adsorption of
Strichen fulvic acid by goethite.
Species
Surface
site H FA logK Dz0 Dz1
Fe(4)(OH2)3FAH3/23 1 1 3 7 1 73.0 2.9 23.9
Fe(4)(OH2)4FAH2/24 0 1 4 6 1 70.2 3.2 25.2
Fe(4)(OH2)4FAH/25 0 1 4 5 1 62.2 3.2 26.2
Fe(4)(OH2)4FA/26 0 1 4 4 1 53.7 3.2 27.2
Note: The subscripts between brackets indicate the number of goe-
thite surface groups involved in the goethite–fulvate complex. The
subscript after (OH2) indicates the number of outer sphere complexes.
The difference between both subscripts is the number of inner sphere
complexes. Fe(4)(OH2)3FAH3, 4 outer and 1 inner sphere bond, the
hydroxyl groups remain protonated; Fe(4)(OH2)4FAH2, 4 outer sphere
bonds, two hydroxyl groups with highest logKH remain protonated;
Fe(4)(OH2)4FAH, 4 outer sphere bonds, hydroxyl group with highest
logKH remains protonated (see also Appendix A).
Fig. 4. The contribution to the total adsorption of the three surface
species used to describe the FA binding by goethite for a FAtot
concentration of 300 mg/L and a background electrolyte concentration
of 0.1 M.
Fig. 5. Electrostatic potential of the 0- and 1-plane as function of pH
for the three FA additions and a background electrolyte concentration
of 0.1 M. Legend is in the same order as the model lines. The
calculation of the 0-plane shows the three lines for the different FA
additions.
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intrinsic affinity of phenolic FA groups for outer sphere com-
plexation is large (see Table 5). Furthermore, the electrical
energy gained by the location of the proton of the phenolic
group in the negative 0-plane is larger than the loss of energy
due to the corresponding negative charge of the phenolate
group in the 1-plane. This results in a reduced electrostatic
repulsion.
4.1. pH Dependency
The binding of FA by goethite is strongly dependent on pH.
In systems with FA and goethite present there are three types of
reactions involving protons: (1) protonation of FA in solution;
(2) protonation of reactive goethite surface groups; and (3)
proton co-adsorption/desorption upon FA adsorption.
The description of the first two types of reactions is deter-
mined by the charging behavior of the FA in solution and the
goethite in absence of FA. The co-adsorption/desorption of
protons upon the adsorption of FA is the only unknown type of
reaction and is directly related to the pH dependency of the
adsorption.
Several authors (Fokkink et al., 1987; Venema et al., 1996;
Rietra et al., 1999) discussed the proton (or hydroxyl) exchange
ratio of ion adsorption. They showed that the exchange ratio
depends on the charge of the ion and the location of the charge
at a finite distance from the surface. The charge and charge
distribution of adsorbed FA molecules are determined by the
number of inner and outer sphere complexes formed and the
protonation of non-coordinated reactive groups of the sorbed
FA. It is assumed that the proton affinity of the non-coordinated
reactive groups of the sorbed FA is the same as in solution.
Therefore the number of inner and outer sphere complexes of
each surface species and the relative contribution of each
surface species to the total adsorption (determined by the
affinity constants of inner and outer sphere complexes) deter-
mines the proton exchange ratio and the pH dependence of FA
adsorption.
4.2. Concentration Dependency
In Figure 6, adsorption isotherms of fulvate by goethite are
given at three pH values and two ionic strengths. The data in
Figure 6 are obtained from using smooth interpolation of the
adsorption envelopes. The lines are model descriptions based
on the parameters obtained in this study. Figure 6 illustrates the
high-affinity character of the binding at low FA concentrations.
For weak organic acids Filius et al. (1997) showed that the
increase in the slope of the adsorption isotherms at low con-
centrations is related to the number of reactive acid functional
groups involved in the binding between organic anion and the
surface. The FA adsorption data reveal a steeper adsorption
isotherm than for the citrate data of Filius et al., which is
consistent with the proposed number of coordinating groups
assumed for the FA.
After the high affinity part, the adsorption isotherm in Figure
6 shows a plateau. The effects of elevated surface loading
and/or electrostatics might explain the observed adsorption
plateau. With increasing adsorption more of the goethite sur-
face becomes covered by FA. Therefore, each additional FA
molecule has less surface to which it can bind. Statistically, this
means that the chance an additional FA molecule can bind
becomes smaller. This effect results in a reduced slope of the
adsorption isotherm with increasing surface loading. At high
surface loading an adsorption plateau can occur long before the
surface is physically saturated with FA molecules. In our model
this effect is accounted for by multiplying the overall affinity
constant by the term (1 2 u)n, in which u is the surface
coverage (number of sites involved in inner or outer sphere
formation as fraction of the total number of sites) and n is the
number of inner and outer sphere complexes formed per bound
molecule. At pH 4 and highest FA concentration, the surface
coverage is approximately 0.25 times the theoretical maximum.
Note that the adsorbed molecule covers most probably a larger
area than the n sites due to the physical size of the molecule.
This affects the binding statistics. In the present approach, this
is not taken into account.
A second cause of the adsorption plateau is the behavior of
the surface charge. Due to the sorption of FA the surface
becomes less positive (or more negative). Therefore, each ad-
ditional molecule is less attracted (or more repelled) by the
goethite surface. With increasing adsorption this means a re-
duced slope of the adsorption isotherm. This effect can cause an
adsorption plateau in case of charge reversal. In our model
calculations we don’t observe charge reversal at low pH. There-
fore, the observed plateau cannot solely be explained by elec-
trostatics. Most likely a combination of increased surface load-
ing and electrostatics cause the observed adsorption plateau.
4.3. Salt Dependency
In case of FA adsorption by goethite we can distinguish
between two situations: (1) the FA and goethite are both
charged negatively (high pH); and (2) the FA and goethite are
charged oppositely (low pH). When both components are
charged equally, the adsorption is favored by a higher back-
ground electrolyte concentration. The charge of both compo-
nents is screened more effectively. This will result in less
electrostatic repulsion between the two components. In case FA
and goethite are oppositely charged the goethite surface charge
Fig. 6. Model predicted adsorption isotherms for FA adsorption by
goethite at different pH values. Open symbols show experimental data
at 0.01 M (model calculated, dashed line) and closed symbols data at
0.1 M (model, solid line).
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can either be neutralized by bound FA or by NO32 pair forma-
tion.
The experimental data do not show any salt dependency. Due
to the strong adsorption at low pH, all FA is adsorbed at the two
lowest FA additions. This gives little information about the salt
dependency. For the highest FA addition the electrostatic po-
tential in the 1-plane is very low. This might explain the lack of
salt dependency observed in the data at low pH. Model calcu-
lations show (data not shown) that at high pH the protonation
of the solution-orientated reactive groups increases at decreas-
ing ionic strength. When the charge reduction near the surface
due to protonation of the solution-orientated groups is in the
same order of magnitude as the reduction of charge due to the
difference in ion pair formation this might explain the absence
of the salt dependency at high pH.
The model describes the salt dependency adequately at both
low and high pH as illustrated in Figures 2 and 6.
5. CONCLUSIONS
FA is bound over a wide range of pH values reaching well
above the PZC of the goethite. The adsorption of FA by
goethite can be described well with the CD-MUSIC model.
The data set of FA binding is relatively large although little
information can be gained from the data at low pH. Regardful
of the assumptions made, the data can be described with only
four surface species. Interpretation of the charge distribution of
the assumed surface species is consistent with the assumption
of outer sphere coordination at high pH and inner sphere
coordination at low pH. The same types of mechanisms are
proposed for the binding of compounds containing carboxylic
and phenolic groups respectively.
The affinity constant for the ligand exchange of a carboxy-
late oxygen of the fulvate molecule and a surface water group
is very low, indicating a low chemical affinity and a strong
electrostatic interaction at low pH. The intrinsic affinity con-
stant for the formation of H-bonds is higher and the electro-
static interaction is less than for the inner sphere complexes. At
high pH (weak electrostatic attraction or repulsion) outer
sphere formation in the FA-surface complex out-competes the
inner sphere formation due to the high chemical energy in-
volved in outer sphere complexation. At low pH the reverse is
the case because the electrostatic contribution of inner sphere
complexes is stronger dependent on pH. Therefore at low pH
the combination of a low intrinsic affinity and a high electro-
static contribution of inner sphere complexes out-competes the
formation of outer sphere complexes.
The fulvate adsorption isotherms show a steep slope at low
FA concentrations followed by a pseudo plateau at higher
concentrations. The effects of increased surface loading and
electrostatics most probably cause the plateau.
The FA adsorption data show little salt dependency. The
model describes the salt dependency accurately.
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APPENDIX
For the first surface species of Table 7, we show how we calculated
the overall affinity constant.
3 FeOH1/22 1 3 H1 N 3 FeOH21/21 2plog KH,FeOH (5 27.60)
Fe3O1/22 1 H1 N Fe3OH1/21 2plog KH,Fe3O (5 9.20)
FA82 1 3 H1 N FAH352 (i53 log KH,FA (5 32.87)
2 FeOH21/21 1 FAH352 N Fe(2)FAH342
1 2 H2O log Kexch. (5 20.45)
2 Fe3OH1/21 1 Fe(2)FAH342
N Fe(4)(OH)2FAH332 3p logKh2b,carb (5 3.78)
2 FeOH1/22 1 2 Fe3O1/22 1 FA82
1 7 H1 N Fe(4)(OH)2FAH332 log Koverall (5 73.00)
The subscripts between brackets indicate the number of goethite
surface groups involved in the goethite–fulvate complex, not the num-
ber of Fe atoms involved. Note that the formation of H-bonds is
represented here by bonds with triply coordinated sites, although it is
assumed also to take place with singly coordinated sites. In our equi-
librium calculation scheme, we accounted for the formation of H-bonds
with two different surface groups by defining a surface species with
H-bonds with singly coordinated groups and an additional surface
species with H-bonds with triply coordinated groups. Defining surface
species with mixed H-bonds did not change the results. Therefore these
species are disregarded.
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